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ABSTRACT: To help understand the factors controlling the performance of one of the most promising n-type oxide 
thermoelectrics SrTiO3, we need to explore structural control at the atom level. In Sr1-xLa2x/3TiO3 FHUDPLFV[
0.9), we determined that the thermal conductivity can be reduced and controlled through an interplay of La substitution 
and A-site vacancies and the formation of a layered structure. The decrease in thermal conductivity with La and A-site 
vacancy substitution dominates the trend in the overall thermoelectric response. The maximum dimensionless Figure of 
merit is 0.27 at 1070 K for composition x = 0.50 where half of the A-sites are occupied with La and vacancies. Atomic 
resolution Z-contrast imaging and atomic scale chemical analysis show that as La content increases, A-site vacancies 
initially distribute randomly (x < 0.3), then cluster (x ~ 0.5), and finally form layers (x = 0.9). The layering is 
accompanied by a structural phase transformation from cubic to orthorhombic, and the formation of 90º rotational twins 
and anti-phase boundaries leading to the formation of localized supercells. The distribution of La and vacancies 
contributes to a non-uniform distribution of atomic scale features. This combination induces temperature stable 
behaviour in the material and reduces thermal conductivity, an important route to enhancement of the thermoelectric 
performance. A computational study confirmed that the thermal conductivity of SrTiO3 is lowered by the introduction 
of La and vacancies as shown by the experiments. The modelling also predicts that the thermal conductivity at high La 
content can be further reduced when A-site vacancies are randomly distributed, rather than forming layers.  
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7KHUPRHOHFWULF 7( HQHUJ\ FRQYHUVLRQ LV ZLGHO\
UHFRJQL]HG DV D SURPLVLQJ WHFKQRORJ\ IRU ERWK
HOHFWULF SRZHU JHQHUDWLRQ WKURXJK ZDVWH KHDW
UHFRYHU\ DQG FRROLQJ RI HOHFWURQLF GHYLFHV 7R
DFKLHYH LPSDFW 7( WHFKQRORJ\ PXVW EH DIIRUGDEOH
DQG HIIHFWLYH WKLV GHSHQGV FULWLFDOO\ RQ WKH 7(
SHUIRUPDQFHRIWKHPDWHULDOV0HWDOR[LGHPDWHULDOV
DUHDWWUDFWLYHFDQGLGDWHV-FRPSDUHGWRFRQYHQWLRQDO
7(PDWHULDOVEHFDXVHRI WKHLUDIIRUGDEOH ODUJHVFDOH
SURGXFWLRQ HOHPHQWDO DEXQGDQFH ORZ WR[LFLW\ DQG
VWDELOLW\ LQ R[LGLVLQJ FRQGLWLRQV DQG DW KLJK
WHPSHUDWXUHV 7KH HIIHFWLYHQHVV RI D PDWHULDO WR
FRQYHUW ZDVWH KHDW LQWR HOHFWULFLW\ LV JLYHQ E\ WKH
GLPHQVLRQOHVV ILJXUH RI PHULW =7 ZKLFK LV
PD[LPL]HGE\LQFUHDVLQJHOHFWULFDOFRQGXFWLYLW\DQG
2 
UHGXFLQJ WKHUPDO FRQGXFWLYLW\ ,Q JHQHUDO LW LV
DUJXHGWKDWWKHPDWHULDOPXVWKDYHDSHDN=7JUHDWHU
WKDQ  RU DW OHDVW PRUH WKDQ  RYHU D ZLGH
WHPSHUDWXUHUDQJHWREHFRPPHUFLDOO\YDOXDEOH 
:KHUHDV S-W\SH R[LGH PDWHULDOV HJ 1D[&R2
&D&R2 %L6U&R2\- ZHUH WKH ILUVW WR VKRZFRPSHWLWLYH WKHUPRHOHFWULF SURSHUWLHV WKH
GHYHORSPHQW RI DQ RXWVWDQGLQJ Q-W\SH PDWHULDO KDV
SURYHG PRUH FKDOOHQJLQJ 0RVW RI WKH SURSRVHG Q-
W\SHPDWHULDOVLQFOXGLQJ&D0Q2-6U7L2 -
DQG %D-[1G[7L2 DUH EDVHG RQ WKHSHURYVNLWH DQG WXQJVWHQ EURQ]H VWUXFWXUHV 2I WKHVH
WKHSHURYVNLWH VWUXFWXUHGPDWHULDOVKDYHEHHQDW WKH
FHQWHU RI UHFHQW GHYHORSPHQW RI Q-W\SH KLJK
WHPSHUDWXUH WKHUPRHOHFWULF FHUDPLFV SDUWLFXODUO\
PDWHULDOV EDVHG RQ 6U7L2 %RWK H[SHULPHQWDO DQGFRPSXWDWLRQDO PHWKRGRORJLHV DLG WKH GHVLJQ DQG
HQJLQHHULQJ RI GHVLUDEOH WKHUPRHOHFWULF VWUXFWXUHV
ZLWK HQKDQFHG PDWHULDO SURSHUWLHV 6XFFHVVIXO
DSSOLFDWLRQV KDYH EHHQ UHODWHG WR ERWK
QDQRVWUXFWXULQJ DQG EDQG HQJLQHHULQJ
+RZHYHU WKH PDMRU DGYDQWDJH RI WKH $%2SHURYVNLWH VWUXFWXUH LV LWV DELOLW\ WR DFFRPPRGDWH
GRSDQWVRQERWKWKH%-VLWHDQGRQWKH$-VLWH2QHRI
WKH PRVW SURPLVLQJ VXEVWLWXWLRQV LV ZLWK D WULYDOHQW
FDWLRQ $ LQWR $%2 ZKLFK FDQ EHDFFRPPRGDWHG E\ WKH LQWURGXFWLRQ RI YDFDQFLHV LQ
WKH $ VXE-ODWWLFH VXFK DV LQ WKH VROLG VROXWLRQ
6U7L2-/D7L2 LH 6U-[/D[7L2   7KLVKDVOHGWRYHU\HQFRXUDJLQJ7(SURSHUWLHVZKLFKDUH
VHQVLWLYHWRWKHVWUXFWXUHVRIWKHPDWHULDOV 
$W URRP WHPSHUDWXUH 6U7L2 KDV D SHURYVNLWH
DULVWRW\SHFXELFVWUXFWXUHZLWK ODWWLFHSDUDPHWHURI
D c DQG VSDFH JURXS 3Pത͵P 7KH VWUXFWXUH
UHPDLQVFXELFXSWRWKHPHOWLQJSRLQW7KH/D7L2
HQG PHPEHU FDQ EH VWDELOL]HG E\ VPDOO DGGLWLRQV
OHVV WKDQ  RI D SHURYVNLWH FRPSRXQG VXFK DV
/D$O2&D7L2RU6U7L2-7KHVWUXFWXUHRIWKLV
HQGPHPEHULVFKDUDFWHUL]HGE\OD\HUHGRUGHULQJRI
/DFDWLRQVRQWRWKHSHURYVNLWH$-VLWHVVXFKWKDWRQH
OD\HU RI WKH$-VLWHV LV HVVHQWLDOO\ IXOO\ RFFXSLHG E\
/DFDWLRQV DQG WKHQH[W OD\HU LV VKDUHGEHWZHHQ/D
DQG $-VLWH YDFDQFLHV  7KLV FDWLRQ-YDFDQF\
RUGHULQJ UHGXFHV WKH V\PPHWU\ WR WHWUDJRQDO DQG
OHDGVWRWKHGRXEOLQJRI WKHF-SDUDPHWHUUHODWLYHWR
WKDW LQ WKH SDUHQW SHURYVNLWH 7KH VSDFH JURXS LV
3PPP7KHWHWUDJRQDOV\PPHWU\LVVWDEOHWRDERXW
& 7KH URRP WHPSHUDWXUH VWUXFWXUH VKRZV DQ
RUWKRUKRPELF GLVWRUWLRQ ZLWK ODWWLFH SDUDPHWHUV
GRXEOHGLQDOOWKUHHGLUHFWLRQVZLWK&PPPDVVSDFH
JURXS8VLQJ;-UD\GLIIUDFWLRQDQGKLJK-UHVROXWLRQ
WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ +57(0 %DWWOH
HW DO GLUHFWO\REVHUYHG6U/D VXE-ODWWLFH IHDWXUHV LQ
SHURYVNLWHVWUXFWXUH6U-\/D\7L2\ 
7KLV $ VLWH GRSLQJ VWUDWHJ\ ZLWK 6U7L2 KDV WKH
DGYDQWDJHRIORZHULQJWKHKLJKWKHUPDOFRQGXFWLYLW\
DSSUR[LPDWHO\±:P.LQWKHWHPSHUDWXUH
UDQJHRIa.YLDDVWUXFWXUDOFKDQJHRI
WKH SDUHQW PDWHULDO ZKLFK GHSHQGLQJ RQ WKH /D
FRQWHQWPD\ IRUPD OD\HUHG VWUXFWXUH5HGXFWLRQRI
ODWWLFH WKHUPDO FRQGXFWLYLW\ LV HVVHQWLDO WR LPSURYH
WKH WKHUPRHOHFWULF UHVSRQVH RI 6U7L2 EDVHGPDWHULDOV 
:H KDYH DOUHDG\ GHPRQVWUDWHG WKDW WKHUH LV DQ
RUGHUHGGLVWULEXWLRQRI$-VLWHYDFDQFLHVLQ/D7L2VWDELOL]HG ZLWK /D$O2 SHURYVNLWH ,Q WKH SUHVHQW
VWXG\ZHHPSOR\HGH[SHULPHQWDODQGFRPSXWDWLRQDO
WHFKQLTXHV LQFOXGLQJ DWRPLF OHYHO LPDJLQJ DQG
FKHPLFDO FKDUDFWHUL]DWLRQ XVLQJ VFDQQLQJ
WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 67(0 KLJK-
DQJOH DQQXODU GDUN ILHOG +$$') DQG HOHFWURQ
HQHUJ\ ORVV VSHFWURVFRS\ ((/6 DORQJ ZLWK
PROHFXODUG\QDPLFVFDOFXODWLRQV WRH[SODLQ WKH UROH
RIWKHGRSLQJ$-VLWHYDFDQF\±FDWLRQGLVWULEXWLRQ
WKH OD\HULQJ IRUPDWLRQ ZLWK LQFUHDVHG /D FRQWHQW
DQGWKHUROHRIVXE-JUDLQIHDWXUHVDVVRFLDWHGZLWKWKH
FU\VWDOVWUXFWXUHLQWKH6U7L2-/D7L2V\VWHP7KLVSURYLGHVDURXWHWRGHWHUPLQHWKHFRPSOH[VWUXFWXUH
± WKHUPDO FRQGXFWLYLW\ SURSHUW\ UHODWLRQVKLSV DQG D
PHDQV WR LPSURYH WKH PDWHULDO¶V WKHUPRHOHFWULF
SURSHUWLHV WKURXJK GHVLJQ DQG HQJLQHHULQJ 7KH
SULPH REMHFWLYH RI WKLV VWXG\ LV WKXV WR XQGHUVWDQG
WKHUPDO WUDQVSRUW LQ SHURYVNLWH VWUXFWXUHG R[LGHV
DQGVSHFLILFDOO\IDFWRUVRWKHUWKDQR[\JHQYDFDQFLHV
)RUWKLVUHDVRQWKHIRFXVLVWKHEHKDYLRURIVDPSOHV
SUHSDUHG XQGHU R[LGL]LQJ FRQGLWLRQV VR WKDW WKH
DGGLWLRQDO FRPSOH[LWLHV RI R[\JHQ YDFDQFLHV DUH
HOLPLQDWHG7KHUPDODQGHOHFWULFDOGDWDDUHSUHVHQWHG
IRU VDPSOHV SUHSDUHG XQGHU ERWK R[LGL]LQJ DQG
UHGXFLQJFRQGLWLRQVWRVHWWKHUHVXOWVLQFRQWH[W 
 
0(7+2'6 
([SHULPHQWDO 0HWKRGRORJ\ 3RO\FU\VWDOOLQH
VDPSOHVRI6U-[/D[7L2[ DQG  KHUHDIWHU GHQRWHG DV [ [ HWF ZHUH
SURGXFHGE\VWDQGDUGVROLG-VWDWHUHDFWLRQWHFKQLTXHV
$OO SRZGHUV ZHUH  SXULW\ DQG REWDLQHG IURP
6LJPD$OGULFK7KH/D2ZDVILUVWGULHGDW.
IRUKSULRU WRPL[LQJZLWK7L2DQG6U&2 LQWKHUHTXLUHG VWRLFKLRPHWULF UDWLRV 7KH SRZGHUV ZHUH
PL[HGLQDYLEUDWRU\PLOOIRUKRXUVZLWKPP=U
EDOOV DQG SURSDQ--RO LQ D  UDWLR$IWHU GU\LQJ
WKH SRZGHUV ZHUH FDOFLQHG IRU K DW . WKHQ
UH-PLOOHG XQGHU WKH FRQGLWLRQV GHVFULEHG DERYH DQG
GULHG EHIRUH SUHVVLQJ LQ D  PP GLH LQ D XQLD[LDO
SUHVVDW03D 
7KHFRPSDFWVZHUHVLQWHUHGDW.IRUK LQ
DLU DQG WKHQ FRROHG DW WKH VORZ UDWH RI Û&K WR
DYRLGR[\JHQORVV2QHVHWRIVDPSOHVZDVVLQWHUHG
XQGHU UHGXFLQJ DWPRVSKHUH $U- + DW  .
IRU  KRXUV 7KH WKHUPRHOHFWULF UHVSRQVH RI DOO
VDPSOHV ZDV HYDOXDWHG 6DPSOHV ODEHOOHG ZLWK WKH
3 
OHWWHU ³$´ ZHUH DLU VLQWHUHG ZKLOVW WKRVH ODEHOOHG
³+´ZHUHVLQWHUHGXQGHUUHGXFLQJFRQGLWLRQV 
6DPSOHV IRU ;-UD\ GLIIUDFWLRQ ZHUH FXW DQG WKHQ
JURXQGXVLQJ6L&SDSHU;-UD\GLIIUDFWLRQZDV
SHUIRUPHG ZLWK D 3KLOLSV ;
3HUW 3UR GLIIUDFWRPHWHU
ZLWKͼVWHSVL]HVSHUVWHSEHWZHHQͼDQG
ͼ 5LHWYHOG DQDO\VLV RI WKH GDWD ZDV XQGHUWDNHQ
XVLQJ723$6VRIWZDUH%UXNHU$;6.DUOVUXKH
*HUPDQ\ 
7KH PLFURVWUXFWXUH RI WKHSROLVKHG VXUIDFH RI WKH
VDPSOHV ZDV DQDO\VHG XVLQJ D 3KLOLSV;/ ILHOG
HPLVVLRQ JXQ )(*-6(0 +./ HTXLSSHG ZLWK DQ
HQHUJ\-GLVSHUVLYH;-UD\(';GHWHFWRU 
6DPSOHV IRU 7(0 DQG 67(0 LQYHVWLJDWLRQ ZHUH
SUHSDUHG E\ ERWK VWDQGDUG FUXVKLQJ DQG LRQ EHDP
WKLQQLQJ WHFKQLTXHV )RU LRQ EHDP-WKLQQLQJ
VSHFLPHQV ZHUH ILUVW JURXQG RQ  JUDGH 6L& WR
UHGXFH WKH WKLFNQHVV WR a ȝP 7KH\ ZHUH
XOWUDVRQLFDOO\FXW LQWRPPGLDPHWHUGLVNV 0RGHO
.7.HUU\8OWUDVRQLF/WGWKHQGLPSOHG0RGHO
' 9&5 *URXS 6DQ )UDQFLVFR &$ WR UHGXFH
WKH WKLFNQHVV RI WKH FHQWUH RI WKH GLVN WR  ȝP
)LQDOO\ WKH GLVNV ZHUH LRQ EHDP WKLQQHG XVLQJ D
*DWDQ SUHFLVLRQ LRQ SROLVKLQJ V\VWHP PRGHO 
3,3670 RSHUDWLQJ DW ± N9 )RU WKH FUXVKLQJ
PHWKRG WKH VLQWHUHG GLVNV ZHUH FUXVKHG WR SRZGHU
XVLQJ DQ DJDWH PRUWDU DQG SHVWOH *UDLQV RI
LQGLYLGXDO SRZGHUV ZHUH GLVSHUVHG LQ FKORURIRUP
GURSSHG RQWR D FRSSHU JULG FRYHUHG ZLWK D KROH\
FDUERQILOPDQGWKHQGULHG6WUXFWXUHVZHUHLQLWLDOO\
LQYHVWLJDWHG XVLQJ VHOHFWHG DUHD HOHFWURQ GLIIUDFWLRQ
6$(' DQG KLJK-UHVROXWLRQ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRS\ +57(0 WHFKQLTXHV XVLQJ D )(,
)(*7(0 7HFQDL * +LOOVERUR 25 RSHUDWLQJ DW
N96XEVHTXHQWO\ DWRPLF OHYHO UHVROXWLRQ OHYHO
VWUXFWXUDO FKDUDFWHUL]DWLRQ ZDV FDUULHG RXW XVLQJ DQ
DEHUUDWLRQ-FRUUHFWHG 1LRQ PLFURVFRSH
8OWUD67(0 1LRQ &RPSDQ\ .LUNODQG :$
ORFDWHGDW WKH'DUHVEXU\6XSHU67(0/DERUDWRU\LQ
WKH8QLWHG.LQJGRP 
7KHUPDO FRQGXFWLYLW\ ZDV REWDLQHG IURP
PHDVXUHPHQW RI WKH GHQVLW\ $UFKLPHGHV PHWKRG
WKHUPDO GLIIXVLYLW\ ODVHU IODVK EXLOW LQ-KRXVH DQG
KHDW FDSDFLW\ 1HW]VFK 67$  & ERWK LQ DQ $U
DWPRVSKHUH )RU WKHUPDO GLIIXVLYLW\ PHDVXUHPHQWV
WKH SHOOHWV ZHUH  PP LQ GLDPHWHU  PP WKLFN
SROLVKHGWRDȝPILQLVKDQGFRDWHGLQJUDSKLWH)RU
KHDW FDSDFLW\ PHDVXUHPHQWV WKH SHOOHWV ZHUH  PP
LQ GLDPHWHU DQG WKH VXUIDFH SROLVKHG WR D  ȝP
ILQLVK 
$Q 8/9$& =(0- ZDV XVHG WR GHWHUPLQH WKH
HOHFWULFDO FRQGXFWLYLW\ DQG 6HHEHFN FRHIILFLHQWV RI
DOOWKHVDPSOHVIURPWHPSHUDWXUHWR. 
&RPSXWDWLRQDO 0HWKRGRORJ\ 7KH WKHUPDO
FRQGXFWLYLW\ ZDV FDOFXODWHG XVLQJ WKH *UHHQ-.XER
PHWKRG DV LPSOHPHQWHG LQ WKH FODVVLFDO
PROHFXODU G\QDPLFV FRGH /$0036 /DUJH-VFDOH
$WRPLF0ROHFXODU 0DVVLYHO\ 3DUDOOHO 6LPXODWRU
$OO FDOFXODWLRQV ZHUH SHUIRUPHG XVLQJ WKH SDUWLDO-
FKDUJH ULJLG-LRQ SRWHQWLDO PRGHO GHYHORSHG E\
7HWHU DV GHWDLOHG LQ 7DEOH  $OO VWUXFWXUHV ZHUH
VLPXODWHG LQ WKH WHPSHUDWXUH UDQJH RI - .
$WHDFKWHPSHUDWXUHHDFKVWUXFWXUHZDVHTXLOLEUDWHG
IRU  SV ZLWK D WLPH VWHS RI  IV XVLQJ DQ 137
WULFOLQLF HQVHPEOH ZLWK D 1RVH±+RRYHU WKHUPRVWDW
DQGEDURVWDW7KHODWWLFHYHFWRUVZHUHDYHUDJHGHYHU\
IVDQGWKHDYHUDJHGYHFWRUVZHUHWKHQLPSRVHGRQ
WKH ILQDO VWUXFWXUH IRU WKH KHDW-IOX[ GDWD FROOHFWLRQ
+HDW-IOX[ GDWD ZDV FROOHFWHG IRU  QV VDPSOLQJ
HYHU\  IV 7KH KHDW-IOX[ ZDV QXPHULFDOO\
DXWRFRUUHODWHG DQG LQWHJUDWHG WR JLYH WKHUPDO
FRQGXFWLYLW\DVDIXQFWLRQRIGHFD\WLPHZKLFKZDV
WKHQDYHUDJHGRYHUDSRUWLRQRIWKHLQWHJUDOWRUHGXFH
WKHQRLVHLQWKHWKHUPDOFRQGXFWLYLW\ 
$OO VWUXFWXUDO PRGHOV ZHUH GHVLJQHG XVLQJ WKH
0(7$',6( FRGH 7KUHH PDWHULDOV ZHUH VHOHFWHG
IRU LQ-GHSWK PRGHOLQJ FRUUHVSRQGLQJ WR
H[SHULPHQWDO FRPSRVLWLRQV RI [ [ DQG [
&RPSRVLWLRQ [ KDV ORZ $-VLWH YDFDQF\ DQG
ODQWKDQXP FRQFHQWUDWLRQV [ LV WKH PLG-SRLQW LQ
WKH UDQJH DQG [ KDV KLJK $-VLWH YDFDQF\ DQG
ODQWKDQXP FRQFHQWUDWLRQV 7KH PRGHOV ZHUH
JHQHUDWHG WR UHIOHFW WKH VWUXFWXUDO IHDWXUHV RI
H[SHULPHQWDO VDPSOHV LQIHUUHG IURP ;-UD\ DQG
67(0-+$$')-((/6GDWDZKLFKLQFOXGHDOD\HUHG
VWUXFWXUH DV WKH /D DQG $-VLWH YDFDQF\
FRQFHQWUDWLRQV LQFUHDVH $V ZHOO DV KDYLQJ WKUHH
GLIIHUHQW FRPSRVLWLRQV HDFK FRPSRVLWLRQ ZDV
PRGHOOHG IRU WKUHH GLIIHUHQW VWUXFWXUDO
FRQILJXUDWLRQV ZKLFK HQDEOHG XV WR FRPSDUH DQG
XOWLPDWHO\ SUHGLFW GHVLJQV IRU IXQFWLRQDO PDWHULDOV
ZLWKHQKDQFHGSURSHUWLHV&RQILJXUDWLRQ[15DQG1
     KDV /D 6U DQG YDFDQFLHV UDQGRPO\
GLVWULEXWHG DFURVV DOO $-VLWHV ZKLFK SURGXFHV
FRQILJXUDWLRQV ZLWK QR OD\HULQJ RI DQ\ $-VLWH
VSHFLHV&RQILJXUDWLRQ[1/D6U1 KDV
DOWHUQDWLQJOD\HUVRQHZLWK$VLWHVIXOO\RFFXSLHGE\
/D DQG WKH RWKHU SDUWLDOO\ RFFXSLHG E\ 6U /D DQG
YDFDQFLHV &RQILJXUDWLRQ [1/D9 1     
KDVDOWHUQDWLQJ OD\HUVRQHZLWK$VLWHVRFFXSLHGE\
/D DQG YDFDQFLHV DQG WKH RWKHU $-VLWH OD\HU IXOO\
RFFXSLHGE\6URU/D 
Table 1. The potential model developed by Teter36 
with the interactions based on Buckingham 
potential forms between cations and anions. Partial 
charges are superscripted.  
Interaction A (eV) ȡc C (eV×Å6) 
O-1.2-O-1.2 1844.75 0.3436 192.58 
Sr-1.2-O-1.2 14566.64 0.2450 81.77 
La1.8-O-1.2 4369.39 0.2786 60.28 
4 
Ti2.4-O-1.2 23707.91 0.1856 14.51 
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6WUXFWXUDO%XON3URSHUWLHV+LJKGHQVLW\!
WKHRUHWLFDO FUDFN-IUHH VLQWHUHG VDPSOHV ZHUH
SURGXFHG IRU DOO DLU VLQWHUHG 6U-[/D[7L2IRUPXODWLRQV 6DPSOHV VLQWHUHG XQGHU UHGXFLQJ
FRQGLWLRQV ZHUH RI PDUJLQDOO\ ORZHU GHQVLW\ EXW
JHQHUDOO\  GHQVH DQG DERYH 7KH GHQVLW\ GDWD
LH H[SHULPHQWDO YDOXHV DQG  WKHRUHWLFDO YDOXHV
IRU WKH VDPSOHV DUH VKRZQ LQ 7DEOH  +DOI WKH
FHUDPLFVZHUHVLQWHUHGLQDLU WRUHGXFHWKHHIIHFWRI
R[\JHQ YDFDQFLHV DQG HOHFWURQLF FRQWULEXWLRQ 7L
RQ WKH WKHUPDO SURSHUWLHV RI WKH PDWHULDO 7KLV
HQDEOHVXVWRIRFXVRQWKHFRQWULEXWLRQGXHWR/DDQG
$-VLWHYDFDQF\GRSLQJ7KHUHPDLQLQJVDPSOHVZHUH
VLQWHUHG XQGHU UHGXFLQJ FRQGLWLRQV IRU FRPSDULVRQ
SXUSRVHV 
3KDVH $QDO\VLV ;5' VSHFWUD IRU WKH 6U-
[/D[7L2PDWHULDOVVLQWHUHGLQDLUDUHSUHVHQWHGLQ)LJXUH$OOWKHVSHFWUDFRXOGEHUHILQHGEDVHGRQD
SHURYVNLWH VWUXFWXUH ZLWKRXW WKH SUHVHQFH RI
UHIOHFWLRQV DULVLQJ IURP LPSXULW\ SKDVHV7KH ;5'
UHVXOWV LQGLFDWH WKDW WKH /D7L2 HQG PHPEHU LH
VDPSOH [ FDQ EH VWDELOL]HG E\ 6U7L27KLV ZDVDOUHDG\SURYHQIRU/D$O2DQG&D7L25LHWYHOG
UHILQHPHQWIRUVDPSOHV[DQG[VKRZHGDFXELF
3Pത͵P VWUXFWXUH DQG DQ RUWKRUKRPELF &PPP
VWUXFWXUH UHVSHFWLYHO\ 6DPSOH [ FRQWDLQV D
WHWUDJRQDO,PFPSKDVHLQDGGLWLRQWRDFXELFSKDVH
DQG VDPSOHV[DQG[FRQWDLQ DQ ,PFP SKDVH
LQ DGGLWLRQ WR DQ RUWKRUKRPELF &PPP SKDVH 7KH
SKDVH FRQWHQW RI WKH 6U-[/D[7L2 FHUDPLFVVLQWHUHG LQ DLU LV SUHVHQWHG LQ 7DEOH  'DWD IRU
VDPSOHV VLQWHUHG XQGHU UHGXFLQJ FRQGLWLRQV DUH QRW
VLJQLILFDQWO\ GLIIHUHQW 7KH UHVXOWV LQ )LJXUH  DQG
7DEOHVXSSRUWWKHZRUNRI+RZDUGHWDO DQG
/XHWDO  IRU WKH6U-[/D[7L2 V\VWHPDQGDJUHHZLWK WKH ILQGLQJV RI .RYDOHYVN\ HW DO  IRU WKH
VWUXFWXUDO FKDQJHV DW WKH 6U7L2 ULFK HQG RI WKH6U7L2-3U7L2 V\VWHP 7KH UHILQHG ODWWLFH
SDUDPHWHUVDUHVXPPDUL]HGLQ)LJXUH 
 
 
Table 2. Density and phase content data for the Sr1-xLa2x/3TiO3 ceramics.  
Sr1-xLa2x/3TiO3 Expt. Density 
(g cm-3) 
Theoretical 
Density (%) 
Cubic 
Phase (%) 
Tetragonal 
Phase (%) 
Orthorhombic 
Phase (%) 
X0A 5.08 ± 0.092 99.2 100 - - 
X10A 5.100 ± 0.096 99.1 100 - - 
X10H 5.094 ± 0.087 98.9    
X30A 5.093 ± 0.048 98.1 12 88 - 
X30H 4.915 ± 0.018 95.3    
X50A 5.126 ± 0.024 97.9 - 77 23 
X50H 5.124 ± 0.024 97.3    
X70A 5.132 ± 0.095 97.2 - 7 93 
X70H 5.023 ± 0.016 94.9    
X90A 5.252 ± 0.046 98.4 - - 100 
X90H 4.972 ± 0.019 92.0    
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Figure 1. XRD Spectra for Sr1-xLa2x/3TiO3 ceramics sintered in air. The intensities have been normalised to the (110) 
main peak of perovskite phase. The peaks from orthorhombic phase are labelled by circles. The first peak in the XRD 
spectrum for x90 (at ș§) is due to cation/vacancy ordering along the c-direction. From X10 to X90 the weighted 
profile R factor values decrease from 15.0 to 7.4; the Goodness of fit values vary from 1.27 to 1.56.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Refined lattice parameters for Sr1-xLa2x/3TiO3 ceramics sintered in air as a function of La content. 
 
 
 
(OHFWURQ0LFURVFRS\ 
)LJXUH VKRZVD W\SLFDO6(0PLFURJUDSKRI WKH
PLFURVWUXFWXUH RI 6U-[/D[7L2 FHUDPLFV WKLV
LPDJH LV IRU[$)RUDOOFRPSRVLWLRQV WKHJUDLQV
DUH HTXLD[HG LQ VKDSH ZLWK QDUURZ JUDLQ VL]H
GLVWULEXWLRQV0RVWLQGLYLGXDOJUDLQVDUHLQWKH±
PUDQJH 
 
)LJXUH  6(0 PLFURJUDSK RI DLU VLQWHUHG VDPSOH
[$ 
 
7R GHILQH WKH HIIHFW RI $-VLWH YDFDQFLHV RQ WKH
WKHUPDO FRQGXFWLYLW\ RI 6U7L2 GHWDLOHG 7(0-
6$'3 6HOHFWHG $UHD 'LIIUDFWLRQ 3DWWHUQ IRU WKH
PDMRU ]RQH D[HV DQG DWRPLFDOO\ UHVROYHG 67(0-
+$$')-((/6 FKDUDFWHUL]DWLRQ RI WKH DLU VLQWHUHG
FHUDPLF[$ KDYLQJ WKHKLJKHVWYDFDQF\FRQWHQW
ZHUHSHUIRUPHG$ERYHPROH6U7L2VWDELOL]HV
WKH/D7L2 HQGPHPEHUDQGJLYHVD VLQJOHSKDVHFHUDPLF ZLWK DQ RUWKRUKRPELF &PPP XQLW FHOO
ZKHUHODWWLFHSDUDPHWHUVD cE cDQG
F c DUH GRXEOHG FRPSDUHG WR WKRVH RI WKH
6U7L2 FXELF FHOO 7KH FHOO GRXEOLQJ UHVXOWV IURP
FDWLRQYDFDQF\RUGHULQJDQGRXWRISKDVHRFWDKHGUDO
WLOWLQJ 6$'3V IRU WZR PDLQ ]RQH D[HV >@ DQG
>@ IRU [ DUH VKRZQ LQ )LJXUH DE DQG
FRQILUPWKHRUWKRUKRPELFV\PPHWU\ZLWK&PPPDV
VSDFH JURXS ZLWK D § E § F § DSHURYVNLWH ZKHUH
DSHURYVNLWH LV WKH VL]HRI WKH FXELF3Pത͵PSDUHQWXQLWFHOO'LIIUDFWLRQSDWWHUQVIRU VDPSOHV VLQWHUHGXQGHU
UHGXFLQJFRQGLWLRQVDUHYHU\VLPLODU 
7KH >@ VFKHPDWLF SURMHFWLRQ RI RUWKRUKRPELF
&PPP VWUXFWXUH IRU [ GHGXFHG IURP ;5'
DQDO\VLV LV SUHVHQWHG LQ )LJXUH F 7KH FRUH RI WKH
VWUXFWXUH LV WKH WLOWHG 7L-R[\JHQ RFWDKHGUD 7KH J
6 
$-VLWHV DUH IXOO\ RFFXSLHG E\ /D DQG WKH K $-
VLWHV SDUWLDOO\ RFFXSLHG E\ /D  WRJHWKHU WKH\
DUHDUUDQJHG LQDOD\HUHGPDQQHUZLWK WKHXQLWFHOO
LQGLFDWHGRQ)LJXUHF 
,QVSHFWLQJ )LJXUH F FDUHIXOO\ WKH FRQILJXUDWLRQV
WR EH XVHG IRU WKH VLPXODWLRQV FDQ EH HDVLO\
XQGHUVWRRG FRQILJXUDWLRQ [15DQG KDV /D 6U DQG
YDFDQFLHVUDQGRPO\GLVWULEXWHGDFURVVDOO$-VLWHVLQ
FRQILJXUDWLRQ[1/D6UWKHFHQWUHOD\HUZRXOGFRQWDLQ
/D 6U DQG YDFDQFLHV ZKHUHDV WKH WRS DQG ERWWRP
OD\HUVZRXOGFRQWDLQRQO\/D LRQV LQFRQILJXUDWLRQ
[1/D9 WKH FHQWUH OD\HU ZRXOG FRQWDLQ /D DQG
YDFDQFLHVZKHUHDV WKH WRSDQGERWWRPOD\HUVZRXOG
FRQWDLQ/DDQG6ULRQV 
 
 
F 
 
 
)LJXUH6$'3VIRUFHUDPLF;$D>@DQG
E>@]RQHD[HVDQGFVFKHPDWLFUHSUHVHQWDWLRQ
RIWKHFU\VWDOVWUXFWXUHRI[$DORQJWKHD-D[LV 
 
$V WKH ;-UD\ GDWD DUH YROXPH-DYHUDJHG WKH
W\SLFDO PLQLPXP YDOXH IRU FU\VWDOOLWH VL]H XVHG LQ
WKH VWUXFWXUDO UHILQHPHQW LV a QP DWRPLF
UHVROXWLRQFKDUDFWHUL]DWLRQZDVSHUIRUPHGWRREVHUYH
DWRPLF VFDOH IHDWXUHV7KH +$$')±((/6 GDWD IRU
FHUDPLF [ )LJXUH  SURYLGHV GLUHFW HYLGHQFH RI
WKH OD\HUHG GLVWULEXWLRQ RI /D FDWLRQV VXJJHVWHG LQ
WKHVFKHPDWLFSURMHFWLRQ )LJXUHF)LJXUHD LVD
+$$') LPDJH REWDLQHG E\ ULJLG UHJLVWUDWLRQ RI D
VHULHV W\SLFDOO\  RI LPDJHV RI WKH VDPH DUHD
DFTXLUHGLQUDSLGVXFFHVVLRQ±WKXVSURYLGLQJKLJKHU
VLJQDO-WR-QRLVH DQG SUHFLVLRQ 6XFK LPDJHV ZLOO
KHUHDIWHUEHGHQRWHGµVWDFNHGLPDJHV¶IRUVLPSOLFLW\
7KH LPDJH VKRZV DOWHUQDWLQJ URZV RI DWRPLF
FROXPQVZLWKGLIIHULQJ LQWHQVLWLHV LH$/DDQG
$ /D VLWHV RI WKH VWUXFWXUH +RZHYHU LQWHQVLW\
SURILOHV IRU WKH WZR URZV ZLWK GLIIHUHQW LQWHQVLWLHV
)LJXUH D VKRZ VPDOO YDULDWLRQV IRU WKH LQWHQVLW\
IRU $ URZV )LJXUH E ZLWK PXFK ODUJHU
GLIIHUHQFHV IRU WKH LQWHQVLW\ RI URZV RI $ DWRPLF
FROXPQV)LJXUHFVXJJHVWLQJWKDWWKHGLVWULEXWLRQ
RI /D DQG YDFDQFLHV LV QRW XQLIRUP 7KHUH DUH
WKHUHIRUH DWRPLF FROXPQV ZLWK KLJK /D
FRQFHQWUDWLRQ DQG DWRPLF FROXPQV ZLWK KLJK
YDFDQF\ FRQWHQW DUURZHG LQ )LJXUH F )LJXUH 
GHI SUHVHQWV ((/6 PDSV IRU /D REWDLQHG E\
LQWHJUDWLQJ WKH ((/6 VLJQDO DFTXLUHG DW HDFK SRLQW
RYHU D VXLWDEOH HQHUJ\ ZLQGRZ DERYH WKH /D-0LRQLVDWLRQ HGJH DIWHU VXEWUDFWLRQ RI WKH GHFD\LQJ
EDFNJURXQG LQWHQVLW\ XVLQJ D SRZHU ODZ PRGHO
7KHVHPDSVFRQILUPWKDWWKHYDULDWLRQRILQWHQVLW\LQ
+$$') LPDJHV VSHFLILFDOO\ IRU WKH $-VLWHV
FRUUHVSRQGV WR D UHODWLYH YDULDWLRQ LQ /DFRQWHQWRI
WKH DWRPLF FROXPQV 7KLV YDULDWLRQ LQ WKH /D DQG
YDFDQF\ FRQWHQW LQ $-VLWHV LV NQRZQ WR FDXVH
IXUWKHU QRQ-XQLIRUP GLVSODFHPHQW RI %-VLWH FDWLRQV
7L DQG 7L-2 RFWDKHGUDO GLVWRUWLRQV ZKLFK DOUHDG\
H[LVW LQ $-VLWH GHILFLHQW SHURYVNLWHV PDQLIHVWLQJ
LWVHOIDVQRQ-XQLIRUPLW\DQGGLVRUGHULQWKHVWUXFWXUH
7KLV LV WKRXJKW WR FRQWULEXWH WR DGGLWLRQDO SKRQRQ
VFDWWHULQJ VSHFLILFDOO\ DW ORZ WHPSHUDWXUHV WKXV
FUHDWLQJ WHPSHUDWXUH-VWDEOH JODVV-OLNH WKHUPDO
FRQGXFWLYLW\ EHKDYLRU ,W VKRXOG EH QRWHG WKDW
+$$')LPDJHVIRUFHUDPLF[DUHUHPLQLVFHQWRI
+$$')LPDJHVRI/D$O2VWDELOL]HG/D7L2WKDWZHUHSRUWHGIRUWKHILUVWWLPHVKRZLQJWKHYDFDQFLHV
LQ D $-VLWH GHILFLHQW SHURYVNLWH XVLQJ +$$')
LPDJLQJ,WDOVRUHVHPEOHVWKH=-FRQWUDVWLPDJHV
RI UHFHQWO\ SXEOLVKHG GDWD IRU &D7L2 VWDELOL]HG
/D7L2SHURYVNLWHXVLQJ+$$')LPDJLQJ 
)ROORZLQJWKHFRQILUPDWLRQRIWKHFU\VWDOVWUXFWXUH
RI FHUDPLF [ IXUWKHU DQDO\VLV ZDV SHUIRUPHG WR
LQYHVWLJDWH WKH VXE-JUDLQ IHDWXUHV RI WKH PDWHULDO
)LJXUHSUHVHQWV>@]RQHD[LV7(0GDWDIRU[
7KH PDWHULDO LV FKDUDFWHUL]HG E\ D KLJK GHQVLW\ RI
WZLQV )LJXUH D 2Q WKH EDVLV RI FXUUHQWO\
XQSXEOLVKHGZRUNRQWKHUHODWHG6U3U7L2V\VWHPZH H[SHFW WKH SKDVH WUDQVIRUPDWLRQ LQGXFHG WZLQ
ERXQGDULHV WR EH SUHVHQW LQ DOO WKH FRPSRVLWLRQV RI
WKLV VWXG\ H[FHSW IRU FXELF [ )XOO DQDO\VLV WR
FRQILUP WKLV SUHGLFWLRQ ZRXOG UHTXLUH D VXEVWDQWLDO
VHSDUDWHLQYHVWLJDWLRQ+57(0GDWDIRU[IRURQH
RI WKH WZLQ ERXQGDULHV DQG WKH FRUUHVSRQGLQJ
)RXULHU 7UDQVIRUP ))7 IRU WKH WZR GRPDLQV DQG
WKHLUERXQGDU\DUHVKRZQLQ)LJXUHE7KH))7IRU
ERWKGRPDLQVFDQEHLQGH[HGDVFRUUHVSRQGLQJWRWKH
>@ ]RQH D[LV RI RUWKRUKRPELF &PPP DV VKRZQ
LQ)LJXUHEZKLFKDUHURWDWHGWRHDFKRWKHUWR
IRUP WKH WZLQ ERXQGDU\ 7KLV V\PPHWU\-EUHDNLQJ
SKDVH-WUDQVLWLRQ-LQGXFHG W\SH RI WZLQ ERXQGDU\ KDV
EHHQ IUHTXHQWO\ REVHUYHG LQ RUWKRUKRPELF
SHURYVNLWHV DQG PD\ FRQWULEXWH E\ DGGLWLRQDO
SKRQRQVFDWWHULQJWRUHGXFLQJWKHUPDOFRQGXFWLYLW\
,QRXUUHFHQWH[SHULPHQWDODQGFRPSXWDWLRQDOVWXG\
RI WKH &D0Q2 EDVHG WKHUPRHOHFWULF WKLVSURSRVDO KDV EHHQ YHULILHG ,Q DGGLWLRQ WR 
7 
URWDWLRQDO WZLQ ERXQGDULHV DQWLSKDVH W\SH GRPDLQ
ERXQGDULHV ZHUH REVHUYHG LQ WKH PLFURVWUXFWXUH RI
[ DQ H[DPSOH LV VKRZQ LQ )LJXUH F ,W LV
FKDUDFWHUL]HGE\PRYHPHQWRIWKHWZRGRPDLQVZLWK
D GLVSODFHPHQW YHFWRU RI  RI WKH OHQJWK RI WKH F
D[LV7KLVW\SHRIERXQGDU\KDVEHHQREVHUYHGLQWKH
PLFURVWUXFWXUHRIRUWKRUKRPELFSHURYVNLWHV&D7L2
EDVHGFRPSRVLWLRQVDQGDWWULEXWHGWRDQWLSDUDOOHO$-
VLWH FDWLRQ PRYHPHQW RU RXW RI SKDVH URWDWLRQ RI
R[\JHQ RFWDKHGUD- 7KH SUHVHQFH RI DQWLSKDVH
ERXQGDULHV PD\ DOVR KDYH SRVLWLYH HIIHFWV RQ WKH
UHGXFWLRQ RI WKHUPDO FRQGXFWLYLW\ E\ SURYLGLQJ
DGGLWLRQDOSKRQRQVFDWWHULQJVLWHV 
 
 
Figure 5. [100] zone axis HAADF-EELS data for x90A sample: (a) stacked HAADF image, and intensity profiles for A1 
(b) and A2 site (c); (d), HAADF image, (e) HAADF survey and (f) La EELS M4,5 map. 
 
Figure 6. TEM data for sub-grain features in ceramic x90A: (a) TEM image showing twinned microstructure; (b) HRTEM 
image of a twin boundary; (c) HRTEM image of an antiphase boundary. 
 
 
Figure 7. [100] HAADF and EELS data for ceramic x90A 
containing a rotational twin boundary: (a) HAADF image, 
(b) La EELS map, (c) HAADF survey. 
)LJXUHLOOXVWUDWHV>@+$$')-((/6GDWDIRU
D  URWDWLRQDO WZLQ ERXQGDU\ LQ FHUDPLF [
+$$')LPDJLQJUHYHDOHGFOXVWHULQJRIYDFDQF\ULFK
FROXPQV IRUPLQJD ODUJHUXQLW FHOOZLWKGLPHQVLRQV
RI DRUWKRUKRPELF [ DRUWKRUKRPELF   DSHURYVNLWH DW WKH WZLQERXQGDU\)LJXUHDFLUFOHG)URP+57(0LPDJHV
RI JUDLQV RI FRPSRVLWLRQ 6U/D7L2 LQ WKH
6U7L2-/D7L2 V\VWHP HTXLYDOHQW WR [ LQ WKHFXUUHQW QRWDWLRQ %DWWOH HW DO UHSRUWHG D VLPLODU
SKHQRPHQRQ IRU WKH FOXVWHULQJ RI YDFDQFLHV ZLWK
GLPHQVLRQVDSHURYVNLWH[DSHURYVNLWH)RUWKHSUHVHQWGDWDWKH FRUUHVSRQGLQJ /D ((/6 PDS IURP WKH JUDLQ
ERXQGDU\ LQFOXGLQJ WKH UHJLRQ ZLWK FOXVWHULQJ RI
YDFDQFLHV LV VKRZQ LQ )LJXUH EF YHULI\LQJ WKH
FRQFOXVLRQLQIHUUHGIURPWKH+$$')LPDJH)LJXUH
D 7KLV ORFDOL]HG FOXVWHULQJ RI YDFDQFLHV DQG
IRUPDWLRQ RI ODUJHU XQLW-FHOOV ZLOO FUHDWH QRQ-
XQLIRUPLW\LQWKHPDWUL[RIWKHPDWHULDODQGDVLQWKH
DUJXPHQWV KLJKOLJKWHG DERYH ZLOO DFW DV DGGLWLRQDO
SKRQRQ VFDWWHULQJ FHQWHUV WKXV LQIOXHQFLQJ WKH
WKHUPDOFRQGXFWLYLW\RIWKHPDWHULDO 
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7KHILQDOSDUWRIHOHFWURQPLFURVFRS\LQYHVWLJDWLRQ
ZDV IRFXVHG RQ WKH 6U7L2 ULFK-FRPSRVLWLRQV [DQG [ WKDW KDYH VKRZQ WKH EHVW WKHUPRHOHFWULF
SURSHUWLHV KLJKHVW =7 YDOXHV LQ WKH 6U7L2-/D7L2 V\VWHP   +$$') LPDJLQJ DQG
FKHPLFDO PDSSLQJ )LJXUH  DJDLQ VKRZV WKH
GLVWULEXWLRQV RI ERWK YDFDQFLHV DQG /D FDWLRQV IRU
[ DQG [ (YLGHQFH RI YDFDQF\ FOXVWHULQJ ZDV
REVHUYHGIRUFRPSRVLWLRQ[([DPSOHVRIYDFDQF\
FOXVWHULQJDUHVKRZQZLWKLQ WKHHOOLSVRLGV LQ)LJXUH
D 1R HYLGHQFH IRU YDFDQF\ FOXVWHULQJ ZDV
REVHUYHG IRU [
 
 
Figure 8. [100] HAADF - EELS data for ceramics: (a) x50 and (b) x30. Examples of vacancy rich columns are shown 
inside circles in the HAADF image for x50 (a). 
 
7KHUPRHOHFWULF 3URSHUWLHV RI ([SHULPHQWDOO\
6\QWKHVL]HG6DPSOHV 
$6DPSOHV6LQWHUHGLQ$LU$WPRVSKHUH 
7KHWKHUPDOFRQGXFWLYLW\IRUDOOWKHFHUDPLFVDVD
IXQFWLRQRIWHPSHUDWXUHLVSUHVHQWHGLQ)LJXUH 
 
Figure 9. Thermal conductivity of Sr1-xLa2x/3TiO3 (X0A to 
X90A) as a function of temperature 
7KH PHDVXUHPHQWV GHPRQVWUDWH WKDW DOWHULQJ WKH
FRPSRVLWLRQ RI WKLV $-VLWH GHILFLHQW SHURYVNLWH KDV
WKHHIIHFWRIUHGXFLQJWKHUPDOFRQGXFWLYLW\RI6U7L2)LJXUH  $ERYH  PROH VXEVWLWXWLRQ RI
/D7L2 LQWR 6U7L2 LH [ DQG KLJKHU WKHPDWHULDOV H[KLELW QHDU JODVV-OLNH WKHUPDO
FRQGXFWLYLW\ ZLWK HQG PHPEHU [ VKRZLQJ IXOO\
WHPSHUDWXUH VWDEOH EHKDYLRU ZLWK D ORZ WKHUPDO
FRQGXFWLYLW\ RI  :.P $W ORZHU OHYHOV RI
VXEVWLWXWLRQ WKLV WHPSHUDWXUH-LQYDULDQW EHKDYLRU
GLVDSSHDUVKRZHYHUWKHWKHUPDOFRQGXFWLYLW\LVVWLOO
ORZHU WKDQ WKDW RI XQGRSHG 6U7L2 PDLQO\ GXH WR
WKHVXEVWLWXWLRQRI6UE\WKHKHDYLHU/DLRQVDQGWKH
SUHVHQFH RI VLJQLILFDQW QXPEHUV RI YDFDQFLHV The 
marked decrease of thermal conductivity from 
sample x30 to x50 can be explained by the higher 
content of orthorhombic phase which in turn 
introduces more phonon scattering points. There is 
also evidence of increased vacancy clustering when 
moving from x30 to x50, demonstrated in the 
electron microscopy results. 
7KLVORZDQGJODVV-OLNHWKHUPDOFRQGXFWLYLW\DULVHV
IURP WKH IROORZLQJ VWUXFWXUDO FKDUDFWHULVWLFV L WKH
SUHVHQFH RI KHDY\ /D FDWLRQ DQG YDFDQFLHV LQ WKH
VWUXFWXUH LL SUHVHQFHRID OD\HUHGVWUXFWXUHZKLFK
HQKDQFHV SKRQRQ VFDWWHULQJ LLL D QRQ-XQLIRUP
GLVWULEXWLRQRI/DDQGYDFDQFLHVLQ WKH LQWHUPHGLDWH
OD\HU RI WKH VWUXFWXUH OHDGLQJ WR QRQ-XQLIRUP 7L-2
RFWDKHGUDOGLVWRUWLRQDQG7L-2ERQGOHQJWKVFUHDWLQJ
D QRQ-XQLIRUP GLVWULEXWLRQ RI DWRPLF VFDOH IHDWXUHV
LQWKHPDWUL[RIWKHPDWHULDODQGLYWKHSUHVHQFHRI
WZLQ DQG DQWLSKDVH ERXQGDULHV 7KH ILUVW WKUHH
IDFWRUV GRPLQDWH ZLWK WKH SUHVHQFH RI WZLQ DQG
DQWLSKDVHERXQGDULHVSOD\LQJDUHODWLYHO\PLQRUUROH
EHFDXVH RI WKH ODUJH WZLQ ERXQGDU\ VSDFLQJ LQ
H[FHVVRIQP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%\FRROLQJ WKH VDPSOHV VORZO\DIWHU VLQWHULQJ WKH
FRQWULEXWLRQ IURP 7L ZDV PLQLPL]HG $FURVV DOO
FRPSRVLWLRQV WKH HVWLPDWHG FRQWULEXWLRQ IURP
HOHFWURQLF FRQGXFWLYLW\ LV OHVV WKDQ  RI WRWDO
WKHUPDOFRQGXFWLYLW\7KHWKHUPDOFRQGXFWLYLW\GDWD
UHSRUWHG E\ 3RSXUL HW DO IRU [ DQG [ DUH
FRQVLVWHQW ZLWK RXU GDWD SUHVHQWHG LQ )LJXUH 
)XUWKHUPRUHWKHGDWDRI3RSXULHWDOVKRZVJODVV-
OLNH WKHUPDO FRQGXFWLYLW\ IRU D VDPSOH FRPSRVLWLRQ
RI [    H[KLELWLQJ VRPH GHJUHH RI YDFDQF\
GLVRUGHU 
 
Figure 10. Seebeck coefficients of the air sintered 
samples. 
    All the ceramics exhibit a negative Seebeck 
coefficient indicating n-type conduction (Figure 10). 
The data show a steady increase in magnitude with 
temperature; this is typical for SrTiO3 ceramics and 
reflects the decrease in chemical potential with 
temperature.50 The magnitude of the Seebeck 
coefficient decreases with increased La content. 
There is a large decrease from composition x30A to 
x90A as the perovskite structure changes from cubic 
to tetragonal to orthorhombic. However, the A-site 
deficient perovskite, composition x90A, still shows 
high Seebeck values in the range of -520 to -650 
µV/K. The changes in the Seebeck coefficients are 
related to the density of states (DOS) about the 
Fermi level; a high order of symmetry in a crystal 
will give a steep DOS. The structural phase changes 
will break the crystal symmetry and therefore lead to 
reductions in Seebeck coefficients at such 
transitions.  
    As expected, all the air sintered ceramics show 
very low electrical conductivity in the range 0.2 to 
0.8 S/cm at temperatures of 325 to 1030K. To 
evaluate the effect of electrical conductivity, thermal 
conductivity and Seebeck coefficient on the 
thermoelectric figure of merit, ceramic samples of 
the same compositions were prepared in a reducing 
atmosphere. 
 
 
B; Thermoelectric Properties of Samples Sintered 
in Reducing Atmosphere.  
 
The temperature dependence of the electrical 
conductivity of the reduced ceramics is shown in 
Figure 11. The three orders of magnitude increase in 
the electrical conductivity of the reduced samples 
compared to that of the air sintered samples is due to 
a reduction of Ti4+ to Ti3+. The additional electrons 
in the lattice increase the carrier concentrations and 
therefore the electrical conductivity. This data shows 
typical electrical conductivity behavior of 
semiconducting ceramics. There is an initial increase 
in the conductivity due to thermal excitation of the 
electrons followed by a decline in conductivity due 
to electron phonon scattering. The x30H samples 
exhibit the highest electrical conductivity. 
Additional levels of La doping lead to significant 
reductions in electrical conductivity.  
 
Figure 11. Temperature dependence of Electrical 
conductivity of the reduced samples. 
The thermal conductivity of the reduced ceramics as 
a function of temperature is presented in Figure 12. 
The trend is similar to that observed for the air 
sintered samples, although thermal conductivities of 
the reduced samples are very slightly higher; this is 
related to the higher carrier concentrations, which 
give rise to higher electrical conductivities (Figure 
11). Thermal conductivity data for heavily doped 
compositions (x50 to x90) are almost temperature 
invariant, with X90 exhibiting the lowest thermal 
conductivity values (Figure 12) as was the case for 
the air-sintered samples (Figure 9).    
10 
 
Figure 12. Thermal conductivity for reduced samples. 
The Seebeck coefficients for the reduced samples 
(Figure 13) display the same basic trends as the air 
sintered samples (Figure 10) but, as expected, the 
magnitude is substantially reduced for the reduced 
samples. Again, the reduction in Seebeck coefficient 
is caused by the increase in carrier concentration, 
which in turn is caused by the reduction of Ti4+ to 
Ti3+.The Seebeck coefficients for individual samples 
increase with increasing La/vacancy content, x90H 
being the lowest and x10H being the highest. The 
net changes in electrical conductivity and Seebeck 
coefficient combine to give the temperature 
dependence in the important thermoelectric 
parameter, the power factor (Figure 14). For most 
compositions, there is a peak in the power factor 
between 500 K and 600 K due to the electrical 
conductivity peak at these temperatures (Figure 12). 
Whilst sample x10H exhibits the highest power 
factor of this series of composition, 0.0016 W/m.K2 
at 475 K, followed by a rapid decline at higher 
temperatures, both x30H and x50H retain high 
power factors over a wider range of temperatures.   
 
Figure 13. Temperature dependence of Seebeck 
coefficient for reduced samples. 
 
Figure 14. Temperature dependence of the power factor 
for reduced samples. 
Finally, the thermoelectric figure of merit of all 
reduced ceramics show a steady increase with 
increasing temperature (Figure 15). The ceramics 
x10H, x30H and x70H all show a similar trend in ZT 
from room temperature to 500 K where the electrical 
conductivity peaks (Figure 12). Above 500 K, the 
ZT increases with temperature for compositions 
x30H, x50H and X70H but it decreases for the 
composition with the lowest La/vacancy content (i.e. 
x10H). The decrease in thermal conductivity with 
respect to composition dominates the trend in the 
overall thermoelectric figure of merit. The maximum 
dimensionless figure of merit achieved is 0.27 at 870 
K for x50H. The data show that for SrTiO3 
improving the figure of merit is achieved mainly by 
reducing thermal conductivity through introducing 
La and A-site vacancies into the lattice. 
 
Figure 15. Dimensionless Figure of Merit for reduced 
samples. 
7KHUPDO 3URSHUWLHV RI 0RGHO 6WUXFWXUHV XVLQJ
0ROHFXODU'\QDPLFV 
 
&RPSXWDWLRQDO WHFKQLTXHV DUH XVHG KHUH WR
FRPSOHPHQW WKH WKRURXJK H[SHULPHQWDO
FKDUDFWHUL]DWLRQ SUHVHQWHG DERYH ZLWK WKH JRDO RI
GHWHUPLQLQJ ZKLFK IDFWRUV FRQWURO WKH FRPSOH[
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EHKDYLRU RI D VSHFLILF SURSHUW\ 7KXV ZH KDYH
FDOFXODWHG WKH WKHUPDO FRQGXFWLYLW\ RI PRGHO
V\VWHPV DW WKUHH FRPSRVLWLRQV [ [ DQG [
)RU HDFK FRPSRVLWLRQ ZH KDYH PDGH XS WKUHH
VWUXFWXUHVDUDQGRPODEHOOHGµ5DQG¶GLVWULEXWLRQRI
6U /D DQG $-VLWH YDFDQFLHV DFURVV DOO $-VLWHV D
OD\HUHGV\VWHPZKHUHE\RQH OD\HU LV IXOO\RFFXSLHG
E\/DDQGWKHRWKHUOD\HULVILOOHGZLWKWKHUHPDLQLQJ
/D 6U DQG $-VLWH YDFDQFLHV ODEHOOHG µ/D6U¶ D
OD\HUHGV\VWHPZKHUHE\RQH OD\HU LV IXOO\RFFXSLHG
E\ /D DQG 6U DQG WKH RWKHU OD\HU LV ILOOHG ZLWK WKH
UHPDLQLQJ/DDQG$-VLWHYDFDQFLHVODEHOOHGµ/D9¶
7KLV JLYHV XV WKH RSSRUWXQLW\ WR GHWHUPLQH
XQDPELJXRXVO\ ZKHWKHU WKH IRUPDWLRQ RI OD\HUV LQ
WKH SHURYVNLWH VWUXFWXUH RUDQG WKH GRSLQJ LV WKH
FDXVH RI UHGXFWLRQ LQ WKHUPDO FRQGXFWLYLW\ DV D
IXQFWLRQRI/DDQG$-VLWHYDFDQFLHVFRQWHQWV 
7KH FDOFXODWHG WKHUPDO FRQGXFWLYLW\ YDOXHV IURP
 . WR  . RI DOO PRGHO VWUXFWXUHV DUH
SUHVHQWHGLQ)LJXUH7KHFRPSRVLWLRQV[[
DQG [ DOO H[KLELW D GHFUHDVH LQ WKH WKHUPDO
FRQGXFWLYLW\ DV D IXQFWLRQ RI WHPSHUDWXUH IRU DOO
W\SHVRIVWUXFWXUHV7KLV LVH[SHFWHGIRUWKH WKHUPDO
FRQGXFWLYLW\ DV SKRQRQ-SKRQRQ VFDWWHULQJ ZLWK
LQFUHDVHGWHPSHUDWXUHOHDGVWRDGHFUHDVHLQWKHUPDO
FRQGXFWLYLW\ $OO [ PRGHOV VKRZ WKH ODUJHVW
WKHUPDOFRQGXFWLYLW\ZKLOVWDOO[PRGHOVKDYHWKH
VPDOOHVW WKHUPDO FRQGXFWLYLW\ DFURVV WKH HQWLUH
WHPSHUDWXUH UDQJH 7KH GLIIHUHQFHV EHWZHHQ WKHVH
PRGHOV UHJDUGOHVV RI VWUXFWXUH W\SH GHSHQG RQ WKH
/D6U$-VLWH YDFDQF\ UDWLRV $V WKH /D DQG $-VLWH
YDFDQF\ FRQFHQWUDWLRQV LQFUHDVH WKH WKHUPDO
FRQGXFWLYLW\GHFUHDVHV$OWKRXJK.RYDOHYVN\HWDO
DQG<XHWDOSURSRVHGWKDWR[\JHQYDFDQFLHVPD\
KDYH DQ LPSDFW RQ WKH WKHUPDO FRQGXFWLYLW\ RXU
FDOFXODWLRQVFDQQRWGLUHFWO\VXSSRUWWKLV2XUPRGHO
VWUXFWXUHV LQWHQWLRQDOO\ GR QRW LQFOXGH RU WDNH LQWR
DFFRXQW WKH SUHVHQFH RI R[\JHQ YDFDQFLHV DQG
WKHUHIRUHGRQRWSURYLGHDQ\IXUWKHULQVLJKWLQWRWKH
IRUPDWLRQ RIR[\JHQ YDFDQFLHV DV D PHFKDQLVP IRU
UHGXFWLRQ RI WKH WKHUPDO FRQGXFWLYLW\ 7KH
FRPSXWDWLRQDO PRGHOV ZHUH PDGH WR UHVHPEOH WKH
H[SHULPHQWDO VDPSOHV V\QWKHVL]HG LQ DLU VXFK DV
VDPSOH [$ DQG [$ HWF LQ )LJXUH  DQG ZH
WKHUHIRUH DVVXPHG WKDW WKHUH ZHUH QR R[\JHQ
YDFDQFLHV ,Q RXU PRGHOV WKH RQO\ YDULDEOH LV
WKHUHIRUH WKH /D[6U-[ UDWLR DQG WKXV ZH
LQIHU WKDW WKH UHGXFWLRQ LQ WKH WKHUPDO FRQGXFWLYLW\
LQWULQVLFDOO\ DULVHV IURP WKH LQWURGXFWLRQ RI /D DQG
$-VLWHYDFDQFLHVDQGQRWWKHVWDELOL]DWLRQRIR[\JHQ
YDFDQFLHV $OWKRXJK WKH ODWWHU PD\ EH D IHDVLEOH
PHFKDQLVP ZKHQ WKH PDWHULDO LV V\QWKHVL]HG LQ
UHGXFLQJFRQGLWLRQV WKHSULPDU\IRFXVRI WKLVZRUN
LVWRLQYHVWLJDWHWKHHIIHFWRI$-VLWHYDFDQFLHVDORQH 
)LJXUHDOVRDOORZV WKHHYDOXDWLRQRI WKHHIIHFW
RI VWUXFWXUDO W\SHRQ WKHUPDOFRQGXFWLYLW\ZKHQ WKH
FRPSRVLWLRQ LV FRQVWDQW $W WKH ORZHVW /D FRQWHQW
[-)LJXUHDEFWKHWKHUPDOFRQGXFWLYLW\GRHV
QRW VKRZ DQ\ GLIIHUHQFHV EHWZHHQ WKH GLIIHUHQW
PRGHOV ZKHWKHU WKH GLVWULEXWLRQ RI FDWLRQV DQG$-
VLWH YDFDQFLHV LV UDQGRP RU OD\HUHG 7KLV ODFN RI
YDULDWLRQ LV PRVW FHUWDLQO\ GXH WR WKH ORZ
FRQFHQWUDWLRQRIGRSDQWV*LYHQWKDWRIWKH$-
VLWHVDUHILOOHGZLWK6UWKHWKUHHPRGHOVFDQDUJXDEO\
EH HTXDOO\ FRQVLGHUHG UDQGRPO\ RU OD\HUHG
GLVWULEXWHG VWUXFWXUHV 7KHUHIRUH WKH SKRQRQV WKDW
FDQSURSDJDWHDUHXQFKDQJHGE\WKHRUGHULQJRIWKH
UHPDLQLQJRIVSHFLHVRQWKH$-VLWHV+RZHYHU
WKH[FRPSRVLWLRQVKRZVWKDWDJUHDWHUDPRXQWRI
GRSLQJ LV QHFHVVDU\ WR ORZHU WKH WKHUPDO
FRQGXFWLYLW\DOWKRXJKLWGRHVQRWWHOOXVZKHWKHULWLV
WKH IRUPDWLRQ RI OD\HUV LQ WKH SHURYVNLWH VWUXFWXUH
WKDWFDXVHVWKHFKDQJHLQWKHUPDOFRQGXFWLYLW\ 
$WWKHPLG-UDQJHFRPSRVLWLRQRI[WKHWKHUPDO
FRQGXFWLYLW\)LJXUHDEFVKRZVVRPHYDULDWLRQ
HVSHFLDOO\ IRU WKH [/D6U PRGHO  :P. DW
 . ZKLFK GLVSOD\V D VPDOO LQFUHDVH LQ WKH
WKHUPDO FRQGXFWLYLW\ RYHU WKH HQWLUH WHPSHUDWXUH
UDQJH FRPSDUHG WR [/D9  :P. DW  .
DQG [5DQG  :P. DW  . *LYHQ WKLV
VPDOO YDULDWLRQ LQ WKH UHVXOWV LW LV QRW SRVVLEOH WR
GUDZDQ\VWURQJFRQFOXVLRQV 
$W WKH KLJKHVW /D FRQWHQW [ )LJXUH  DEF
WKH WKHUPDO FRQGXFWLYLWLHV RI WKH GLIIHUHQW PRGHO
VWUXFWXUHV VKRZ FOHDU GLIIHUHQFHV 7KHUH LV D FOHDU
LQFUHDVH LQ WKH WKHUPDO FRQGXFWLYLW\ IRU [/D6U
:P.DW .DFURVVWKHHQWLUH WHPSHUDWXUH
UDQJH ZKHUHDV [/D9 :P. DW  . DQG
[5DQG:P.DW .KDYHORZHUWKHUPDO
FRQGXFWLYLW\7KHOD\HUHGVWUXFWXUH[/D6UFRQWDLQV
DOWHUQDWLQJOD\HUVRI$-VLWHVIXOO\ILOOHGZLWK/DVXFK
WKDWHYHU\RWKHUOD\HUFRQWDLQVWKHUHPDLQLQJFDWLRQV
DQG$-VLWHYDFDQFLHV5DWKHUGLIIHUHQWO\ WKHOD\HUHG
VWUXFWXUH [/D9 FRQWDLQV OD\HUV RI $-VLWHV ILOOHG
ZLWK /D DQG DOO WKH $-VLWH YDFDQFLHV ZLWK HYHU\
RWKHU OD\HU FRQWDLQLQJ WKH UHPDLQLQJ FDWLRQV 7KLV
LQGLFDWHV WKDW WKH IRUPDWLRQRI WKH OD\HUHGVWUXFWXUH
GXH WR WKH LQFUHDVHG GRSLQJ FRQWHQW DQG WKH
GLVWULEXWLRQ RI YDFDQFLHV ZLWKLQ WKH OD\HUV DUH WKH
FDXVHVEHKLQGWKHFKDQJHLQWKHUPDOFRQGXFWLYLW\,Q
FRQWUDVW WR [/D9 ZKHUH D VLQJOH W\SH RI GHIHFW
H[LVWV ZLWKLQ HDFK OD\HU LQ [/D6U WKHUH DUH
FRPSOHWHO\ ILOOHG $-VLWHV OD\HUV 7KH ODWWHU ZLOO
WKHUHIRUHKDYHUHGXFHGSKRQRQVFDWWHULQJZLWKLQWKH
OD\HUFRPSDUHG WR WKH IRUPHUGXH WR WKH ODFNRI$-
VLWH YDFDQFLHV DQG WKXV WKLV FDXVHV WKH RYHUDOO
WKHUPDO FRQGXFWLYLW\ WR LQFUHDVH ,QGHHG LQVSHFWLRQ
RI WKH PRGHOLQJ GDWD LQ )LJ  VXJJHVWV WKDW WKH
PDLQLPSDFWFRPHVIURPWKHFRQFHQWUDWLRQRIWKH$-
VLWH YDFDQFLHV ZKLOH WKH GLIIHUHQFHV EHWZHHQ WKH
GLIIHUHQW/DDQG$-VLWHYDFDQF\GLVWULEXWLRQPRGHOV
DUHPXFKVPDOOHU 
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,QWHUHVWLQJO\ RXU UHVXOWV LQGLFDWH WKDW WKH PRGHO
[5DQGKDVWKHORZHVWWKHUPDOFRQGXFWLYLW\:KLOVW
[/D9FRQWDLQVDVLQJOHW\SHRIGHIHFWZLWKLQHDFK
OD\HU WKH [5DQG KDV /D 6U DQG YDFDQFLHV
UDQGRPO\ GLVWULEXWHG DFURVV DOO $-VLWHV LQ HYHU\
OD\HU 
&RPSDULVRQZLWK([SHULPHQWDO'DWD6LQFHRXU
SULPDU\ JRDO LV WR LQYHVWLJDWH WKH HIIHFW RI $-VLWH
YDFDQFLHVRQWKHWKHUPDOFRQGXFWLYLW\ZHKDYHXVHG
WKH FRPSXWDWLRQDO GDWD WR LQWHUSUHW WKH H[SHULPHQWV
)LJXUH  $V VHYHUDO VWUXFWXUHV DUH XVHG IRU RXU
FRPSXWDWLRQDO LQYHVWLJDWLRQ WKH ILUVW VWHS LV WR
GHWHUPLQH WKH PRVW VXLWDEOH VWUXFWXUH WR FRPSDUH
ZLWK WKH FRUUHVSRQGLQJ H[SHULPHQWDO UHVXOWV
2EYLRXVO\ IRU WKH [ FDOFXODWLRQV DQ\ RI WKH
FRPSXWDWLRQDO PRGHO VWUXFWXUHV ZKLFK FDQ EH
FRQVLGHUHG HTXLYDOHQW DUH YLDEOH DV WKHUH DUH QR
PDUNHG GLIIHUHQFHV LQ WKH UHVXOWLQJ WKHUPDO
FRQGXFWLYLW\ WKHUHIRUH WKH [5DQG UHVXOWV DUH
VHOHFWHGDVWKHVHUHSUHVHQWWKHPRVWVLPLODUVWUXFWXUH
WR ZKDW LV REVHUYHG H[SHULPHQWDOO\ 7KH
H[SHULPHQWDO VDPSOHV WKDWFDQEH FORVHO\ FRPSDUHG
ZLWK WKH FRPSXWDWLRQDO [ GDWD DUH HLWKHU [ RU
[ZKLFKIDOORQHLWKHUVLGHRIWKLVFRPSRVLWLRQ$V
[ H[KLELWV GLIIHUHQW EHKDYLRU WR WKH UHVW RI WKH
FHUDPLFV LQ WKH VHULHV LH D VWHHSHUJUDGLHQW LQ WKH
UDQJH.WR.GXH WR WKHVPDOOQXPEHURI
GHIHFWV ZH XVH [ FHUDPLFV IRU FRPSDULVRQ )RU
WKH H[SHULPHQWDO [ ZH XVH [/D6U DV D
FRPSDULVRQ DV WKLV VWUXFWXUH FRQWDLQV $-VLWH
YDFDQFLHV  /D FOXVWHUV DV VHHQ H[SHULPHQWDOO\
)LJXUH D )LQDOO\ IRU WKH FHUDPLF [ WKH
FDOFXODWHG UHVXOWV [/D6U DUH VHOHFWHG IRU
FRPSDULVRQ DV H[SHULPHQWDOO\ RQO\ D OD\HUHG
VWUXFWXUH FDQ EH V\QWKHVL]HG ,QGHHG WKH OD\HUHG
VWUXFWXUH LQ WKH H[SHULPHQWDO FHUDPLF FRQVLVWV RI D
IXOO\ RFFXSLHG /D OD\HU ZLWK WKH UHPDLQLQJ FDWLRQV
SDUWLDOO\ ILOOLQJ HYHU\ RWKHU OD\HU ZKLFK LV EHVW
UHSUHVHQWHGE\WKHFRPSXWDWLRQDO[/D6UVWUXFWXUH
6R WR VXPPDUL]H ZH ZLOO XVH [5DQG [/D6U
DQG [/D6U WR FRPSDUH WR H[SHULPHQWDO GDWD IRU
FHUDPLFV[[DQG[UHVSHFWLYHO\ 
7KH FRPSDULVRQ )LJXUH  EHWZHHQ WKH
FRPSXWDWLRQDOILOOHGV\PEROVDQGWKHH[SHULPHQWDO
KROORZ V\PEROV WKHUPDO FRQGXFWLYLW\ GDWD RI
VDPSOHVV\QWKHVL]HGLQDLU)LJXUHIURP.WR
 . VKRZV WKH VDPH TXDOLWDWLYH WUHQGV 7KH
WKHUPDO FRQGXFWLYLW\ IRU ERWK GDWDVHWV GHFUHDVHV DV
WKH WHPSHUDWXUH LQFUHDVHV GXH WR SKRQRQ-SKRQRQ
VFDWWHULQJ EHFRPLQJ WKH GRPLQDQW PHFKDQLVP RYHU
SKRQRQ-GHIHFWVFDWWHULQJ 
7KH PDJQLWXGH RI WKH H[SHULPHQWDO GDWD LV
GLIIHUHQWIURPWKHVLPXODWHGGDWD7KLVLVH[SHFWHGDV
ZHDUHXVLQJYHU\VLPSOHFRPSXWDWLRQDOPRGHOVWKDW
GR QRW FRQWDLQ WKH FRPSOH[LW\ RI WKH H[SHULPHQWDO
VDPSOHV )URP D FRPSXWDWLRQDO SRLQW RI YLHZ WKLV
ZDVQHFHVVDU\LIZHZHUHWRGLVHQWDQJOHWKHHIIHFWRI
GRSLQJ DQG WKH IRUPDWLRQ RI OD\HUHG SHURYVNLWH
PDWHULDOV )XUWKHUPRUH ZH XVH FODVVLFDO PROHFXODU
G\QDPLFV FDOFXODWLRQV ZKLFK XVH D SRWHQWLDO PRGHO
D VHW RI SDUDPHWHUL]HG DQDO\WLFDO HTXDWLRQV ZKLFK
UHSURGXFH WKH SURSHUWLHV RI PDWHULDOV DOWKRXJK
VKLIWHG LQPDJQLWXGH7KLV LV FRPPRQ IRU WKLVNLQG
RI FDOFXODWLRQV EXW LW LV DOVR FRPPRQ IRU
FDOFXODWLRQV XVLQJ KLJK OHYHO RI WKHRU\ VXFK DV DE
LQLWLRFDOFXODWLRQV 
 
 
Figure 16 The thermal conductivity values of the x20, x50 
and x90 models in the temperature range of 500-1100K. 
D $ UDQGRP ODEHOOHG µ5DQG¶ GLVWULEXtion of Sr, La and 
vacancies across all A-sites. (b) A layered system 
whereby one layer is fully occupied by lanthanum and the 
other layer is filled with the remaining lanthanum, 
VWURQWLXP DQG YDFDQFLHV ODEHOOHG µ/D6U¶ F $ OD\HUHG
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system whereby one layer is fully occupied by lanthanum 
and strontium and the other layer is filled with the 
UHPDLQLQJODQWKDQXPDQGYDFDQFLHVODEHOOHGµ/D9¶ 
 
7KH WKHUPDO FRQGXFWLYLW\ IRU ERWK WKH
H[SHULPHQWDODQGFRPSXWDWLRQDOGDWDGHFUHDVHVZLWK
LQFUHDVLQJ /D DQG $-VLWH YDFDQF\ FRQWHQWV GXH WR
LQFUHDVHGSKRQRQVFDWWHULQJIURPWKHYDFDQWVLWHVDV
ZHOO DV WKH ODUJHU LRQ VL]H RI WKH /D FDWLRQV 7KH
GHFUHDVH LQ WKHUPDO FRQGXFWLYLW\ DPRQJVW WKH
FRPSXWDWLRQDOVWUXFWXUHVLVDOVRLQOLQHZLWKWKHRQH
GLVSOD\HG E\ WKH H[SHULPHQWDO FHUDPLFV 7KLV LV
FRQVLVWHQWZLWKWKHLQFUHDVHLQGRSLQJFRQFHQWUDWLRQ
DQG FRUUHVSRQGLQJ SKRQRQ VFDWWHULQJ EHWZHHQ [
DQG[EXWDOVRDFRPSRQHQWGXH WRWKHIRUPDWLRQ
RIOD\HUVLQWKHSHURYVNLWHVWUXFWXUHEHWZHHQ[DQG
[ 6LQFH WKHUPDO FRQGXFWLYLW\ LV RQH RI WKH PDLQ
IDFWRUV FRQWUROOLQJ WKHUPRHOHFWULF SHUIRUPDQFH ZH
QRZKDYHVLJQLILFDQWLQVLJKWLQWRURXWHVWRGHVLJQLQJ
DQG V\QWKHVL]LQJ LPSURYHG SHURYVNLWH-VWUXFWXUHG
WKHUPRHOHFWULFV 
 
 
Figure 17. The thermal conductivities of the computational 
results (filled symbols) with the corresponding 
experimental results (hollow symbols). The computational 
results were chosen to best match the crystal structure of 
the experimental ceramics. 
 
&21&/86,216 
:H KDYH HPSOR\HG H[SHULPHQWDO DQG
FRPSXWDWLRQDO WHFKQLTXHV LQFOXGLQJ DWRPLF-
UHVROXWLRQ 67(0-+$$') DQG 67(0-((/6 DQG
PROHFXODU G\QDPLFV PRGHOOLQJ WR GLVHQWDQJOH WKH
UROH RI /D GRSLQJ LQ LQGXFLQJ$-VLWH YDFDQFLHV DQG
RI WKH IRUPDWLRQ RI OD\HUV ZKHQ LQFUHDVLQJ /D
FRQWHQWLQ6U-[/D[7L2FHUDPLFV[ 
$W ORZ /D FRQWHQW [   WKH FHUDPLFV KDYH D
FXELF VWUXFWXUH VSDFH JURXS 3Pത͵P DQG $-VLWH
YDFDQFLHV UDQGRPO\ GLVWULEXWHG$W LQWHUPHGLDWH /D
FRQWHQW WKHUH LV DPRYH WRYDFDQF\FOXVWHULQJ [a
DQGWKHFHUDPLFVDUHFKDUDFWHUL]HGE\DPL[WXUH
RI FU\VWDO VWUXFWXUHV FXELF WHWUDJRQDO DQG
RUWKRUKRPELF)LQDOO\IRUKLJK/DFRQWHQW[ 
WKHUHLVDWUDQVLWLRQWRRUWKRUKRPELFV\PPHWU\ZLWK
GRXEOLQJ RI D[HV DORQJ DOO WKUHH ODWWLFH GLUHFWLRQV
ZLWK D-EF WLOW V\VWHP DQG VSDFH JURXS &PPP
RUGHULQJ RI YDFDQFLHV DQG /D DQG VHJUHJDWLRQ RI
YDFDQFLHV DW  WZLQ ERXQGDULHV OHDGLQJ WR WKH
IRUPDWLRQRIORFDOL]HGVXSHUFHOOV 
7KH WKHUPDO FRQGXFWLYLW\ IRU ERWK WKH
H[SHULPHQWDODQGFRPSXWDWLRQDOGDWDGHFUHDVHVZLWK
LQFUHDVLQJ /D DQG $-VLWH YDFDQF\ FRQWHQWV GXH WR
LQFUHDVHGSKRQRQVFDWWHULQJIURPWKHYDFDQWVLWHVDV
ZHOO DV WKH ODUJHU LRQ VL]H RI /D 7KH FOHDU MXPS
EHWZHHQ [ DQG [ FRXOG EH UHODWHG WR WKH
VWUXFWXUDOWUDQVLWLRQIURPFXELFWHWUDJRQDO;WR
RUWKRUKRPELF ; +LJK /D GRSHG [   
VDPSOHVH[KLELWWKHORZHVWWKHUPDOFRQGXFWLYLW\7KH
UHGXFWLRQ LV HQKDQFHG E\ ORFDOL]HG FOXVWHULQJ RI
YDFDQFLHV DQG WKH IRUPDWLRQ RI ODUJHU XQLW-FHOOV
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